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This thesis builds on ideas of a seismo-acoustic sonar 
as a mine detection tool and is part of an ongoing Naval 
Postgraduate School (NPS) research project.  Building on 
this foundation of research, a source was developed to 
enable mobility.  The previous NPS array [Sheetz] design 
employed an array of sources, buried in the sediment in a 
line.  This arrangement is somewhat cumbersome for direct 
application.  A practical device should be mobile and 
create a high source signal similar to the previous NPS 
array.  A rolling cylinder provided the solution.  The 
cylinder houses two shakers, identical to the previous NPS 
array elements, mounted directly to the cylinder wall.  The 
source for a single buried array element, from the previous 
NPS array, and a single rolling cylinder, placed on the 
surface, were shown to provide similar seismic velocity at 
ten meters range.  Using this rolling source, we measured 
wave speed at 83 m/s by signal correlation methods.  
Employing two rolling cylinder sources against a buried 
1000 lb bomb at five meters range resulted in echo 
detection with only internal signal analyzer algorithms.  
The ability to send and receive signals on the go was 
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I. INTRODUCTION  
This thesis documents the development and testing of a 
rolling line seismic source for detection of objects buried 
in the surf zone. 
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Buried mines are a major threat to landing troops on 
beachheads, which can prevent the projection of naval power 
ashore.  To address the buried mine threat, a new "seismic 
sonar" concept, one that employs guided seismo-acoustic 
surface waves, has been the subject of research and 
development at Naval Postgraduate School (NPS) and 
elsewhere.  Seismo-acoustic surface waves exist at the 
boundary of an elastic half-space and a fluid, such as 
occurs at the surf- and near surf- zone, penetrating only 
about one propagation wavelength into the elastic half-
space (the Earth).  By virtue of their localization to the 
volume near the boundary, these waves have two particular 
advantages over body waves (elastic waves in an unbounded 
medium), for echolocating objects buried near the Earth's 
surface.  First, by choice of operating frequency, the 
volume of ensonification below the Earth's surface can be 
restricted to that which is likely to contain buried mines, 
and avoid ensonifying deeper, strongly reflecting features, 
such as the sediment-basement interface, and so reducing 
false alarms.  Second, they suffer only cylindrical 
spreading, versus the spherical spreading that would a body 
wave, and so the transmission loss of wave energy, both to 
and from the target, due to geometrical spreading, which is 
the major loss at the close ranges a mine detection sonar 
system would operate, would be half that (in terms of dBs) 
of a sonar employing body waves. 
 
There are two types of seismic sonar, passive and 
active.  The passive seismic sonar came first.  Some 22 
years ago (1980), Schmalfeld and Rauch [Ref. 3], at the 
Laboratory of the Supreme Allied Commander, Atlantic 
(SACLANTCEN), the North Atlantic Treaty Organization (NATO) 
Anti Submarine Warfare (ASW) Center, in La Spezia Italy, 
demonstrated, for the first time, the passive seismic 
sonar.  Working in the shallow waters of the Ligurian area 
of the Mediterranean Sea, off Viareggio, with a tri-axial, 
ocean bottom seismometer, and paying close attention to the 
signal processing of the horizontal (x and y) geophones in 
the seismometer, they were able to track the shaft 
rotation, and hence the propeller blade lines, of a passing 




The first feasible active seismic sonar came much 
later, some 6 years ago (1996) in response to another 
important naval problem.  Muir, Smith, and Wilson [Refs. 7-
9] showed that an elliptically polarized shear wave, known 
as a Rayleigh interface wave, with significant signal 
processing, provides sufficient backscattered echoes to 
locate objects buried under the sediment surface.  Recent 
work [Refs. 7-18,22] shows that array configurations of 
vibratory seismic sources and 3 axis seismometer receivers 
produces narrow beam patterns.  Bi-static configurations 
for target detection have also been demonstrated. 
 Sound waves in water were first used for bottom 
sounding and echolocation in the early 20th century by the 
French scientist Paul Langevin, a friend of the famous 
chemist Madam Marie Curie.  Now acoustic sonars are well 
developed, and are an integral part of every warship, 
worldwide. 
 
Seismic interface waves, such as Rayleigh waves, are 
considerably more complicated.  Theoretically, they are the 
result of solutions of the elastic wave equations, 
appropriate for the boundary conditions at hand.  The wave 
velocity of an interface wave is approximately 90% of the 
bulk shear velocity in the soil or sedimentary medium.  
Rayleigh waves have two components, rather than just one 
for sound wave.  The boundary conditions appropriate for 
air overlying a solid (such as soil or sediment), cause a 
Rayleigh wave to propagate along the air-solid interface, 
decaying exponentially in both media, along with 
cylindrical (1/√R) spreading with range R, plus some 
absorption.  Of the two components, one is in the vertical 
plane, the other in the horizontal plane, oriented 
radially, along the direction of propagation.  The two 
components combine to produce particle motion in the form 
of elliptical orbits in a vertical plane oriented along the 
path of the actual wave.  Near the surface, the Rayleigh 
wave has a retrograde (counterclockwise) orbit, while at a 
depth of, typically 0.1 to 0.2 wavelengths, depending on 
the Poisson ratio of the soil or sediment, the particle 
velocity becomes prograde (clockwise). 
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 There is a 90 degree phase shift between the vertical 
and horizontal components, which prompted Smith [Ref. 10] 
to pioneer a signal processing method called “vector 
polarization filtering,” that capitalizes on this phase 
relationship.  Almost every subsequent study on this 
subject has utilized this technique.  It typically provides 
some 10 to 15 dB of processing gain against acoustic wave 
noise, background seismic noise (waves crashing on the 
beach) and most importantly, seismic reverberation in the 
sonar beam.  This is a significant achievement, since a 10 
dB improvement for reverberation limited, cylindrically 
spreading sonar increases the range of the sonar by a 
factor of 10.  Since the received signals are already 
there, it would be foolish to not process them by this or 
some other method, to gain the advantage of increased 
detection range, which translates into increased real 
search rate, increased speed of sonar survey, etc. 
 
Many textbook authors, who probably have been 
cloistered in indoor offices doing theory, incorrectly 
state that the Rayleigh wave is non dispersive.  While this 
might be true for a computer chip that is homogenous with 
uniform velocity in all directions, it is not true for the 
earth’s crust, which is not homogeneous, and has an 
increasing shear velocity with depth, due to 1) the 
overburden load that compacts the soil or sediment, 
increasing its shear velocity with depth, 2) the presence 
of rock strata that are also compressed and have 
significantly increased shear velocity.  The dispersion is 
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most pronounced at the frequencies below 20 Hz, because the 
longer wavelength seismic waves have deeper penetration, 
and so tend to propagate in faster layers or strata.  Thus, 
the low frequency components of a Rayleigh wave are first 
to arrive at the field point, where a seismometer might be 
located. 
 
Finally, there are two Rayleigh waves, even at the 
surface: one the classical retrograde Rayleigh wave that we 
have been discussing, the other, which is prograde and goes 
by the name “pseudo Rayleigh wave” or “leaky” Rayleigh 
wave.”  The latter wave has been ”dismissed” by authors for 
hundreds of years, because it is fairly highly attenuated, 
and has been thought to be unimportant.  This is certainly 
the case for an earthquake, where the Rayleigh waves do 
most of the damage, but it may not be true in buried mine 
hunting, which is a relatively short-range operation.  
Scholars, such as the student’s second reader of this 
thesis, are studying Lord Rayleigh’s original paper, 1885 
[Ref. 1], to try to sort out what subsequent authors have 
missed or altered. 
 
Dispersion can also occur at higher frequencies, due 
to the waves encountering areas of different geological 
properties, and to interference between the Rayleigh wave 
and the pseudo Rayleigh wave. 
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Figure 1.   Illustration of Rayleigh wave Echo-Location 
 
A. SEISMIC SONAR CONCEPT 
 
The concept illustrated in Figure 1, seismic sonar for 
mine detection, began in 1996 at the Applied Research 
Laboratories of the University of Texas at Austin.  Since 
its inception, research has focused on exploiting the 
guided surface wave to detect buried mines.  Three major 
areas of research cover 1) the source, 2) the receiver, and 
3) signal processing.  Previous thesis students at the 
Naval Postgraduate School have focused on source 
development, target strength, and signal processing [Refs. 
14-18].  Another prominent research project, under 
development, by Professor James Sabatier [Refs.19, 20] of 
the University of Mississippi uses a loudspeaker in air as 
a source and a scanning laser as a receiver.  A brief 
description of this method is given in Appendix D. 
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Source development has gone through many variations.  
The first NPS device [Gaghan] consisted of a pair of 
orthogonally-mounted inertial shakers attached to a base 
plate with screws extending into the sediment, so the flat 
base plate and screws would exert forces against the earth 
to create the surface wave.  Another style [Fitzpatrick] 
took advantage of a linear actuator with a flat plate 
mounted to the shaft end that was buried in the sediment.  
Typically, the shaft was oriented vertically, so as to 
couple to the vertical component of the Rayleigh wave.  The 
next source [Sheetz] was a buried shaker, which was 
designed to couple better to the Earth, and so to better 
excite the Rayleigh wave.  It was also used to excite 
horizontally-polarized guided waves, termed Love waves. 
 
Signal processing development showed that two 
procedures applied to the receiver signals could enhance 
echolocation.  The first technique applied coherent 
subtraction.  Coherent subtraction involves taking the 
receiver signal with a target and then subtracting from it 
the received signal without the target.  This leaves mostly 
the target return signal, and usually provides about 13 dB 
of processing gain.  The second technique took advantage of 
the characteristic of the surface Rayleigh wave that the 
vertical and radial components are 90 degrees out of phase.  
This phase relationship allows for filtering of the 
signals.  This method, known as vector polarization 
filtering, (already mentioned) allows for the removal of 
other unwanted waveforms and enhances even more of the 
surface Rayleigh wave signal.  The combination of these two 
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techniques provided excellent results in previous work 
[Refs. 9,10,14-18].  It should be mentioned that for a 
sonar operating under conditions of cylindrical spreading, 
a mere 12.5 dB enhancement wrought by signal processing, 
increases the sonar range by a factor of nine! 
 
B. ROLLING LINE SEISMIC SOURCE 
 
This thesis documents the development and testing of a 
crude rolling line seismic source.  To obtain some 
directionality for echolocation, source and/or receiver are 
spatially distributed over an aperture comparable to or 
greater than a wavelength, approximately one meter in the 
intended application.  This consideration, and the need for 
a system which can be deployed while moving, has led to the 
concept of a rolling line source.  The tube design allows 
for mobile, rolling deployment of a source and when coupled 
with a simplified driver and receiver array its use as a 
military asset is greatly enhanced, over fixed sources.  
The following chapters will discuss: the shaker assembly, 
mounting location of shaker assembly, force sensor testing, 
geophone and seismometer instrument, field testing of five 
seismic sources and wave speed measurements, and target 
echolocation experiment.  Figure 2 is a photograph of a 
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II. ROLLING LINE SEISMIC SOURCE 
The development of a mobile seismic source is part of 
an on going effort at the Naval Post Graduate School to 
develop a mobile seismic sonar for buried mine detection.  
Previous research has shown that a Rayleigh wave could be 
generated using several impulse methods.  One method used 
was to place electrically driven mass slugs, which could be 
accelerated, to create an impulse.  This method utilized a 
car audio shaker designed to vibrate a seat.  This 
technology is similar to virtual reality games, where the 
steering wheel shakes when driving off the track.  For the 
intended application, the source must be portable enough, 
for example, to move along with a small robotic vehicle. 
 
A. SHAKER ASSEMBLY 
 
Previous seismic source development work at NPS proved 
that two car audio shakers, arranged in a push-pull 
configuration, so that the moving magnets oscillate in the 
same direction, could provide sufficient force for the 






Figure 3.   Magnetic Slug mounted together on a plywood 
board 
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 This particular device was buried in the medium 
(sand).  A 100 Hz single-cycle sine waveform was applied 
via an amplifier to induce the magnetic slug movement.  
Shaker specifications are given in Appendix B. 
 
The rolling seismic source device being explored in 
the present investigation uses a similar setup for the car 
audio shakers, but the housing is much different, in order 
to take advantage of other attributes.  Figure 4 is a 




Figure 4.   Shaker assembly mounted in tube 
 First, a desirable attribute of a seismic source is 
directivity.  Using Huygen’s principle of sources, a line 
source comparable to or greater in extent than a wavelength 
would produce radiational directivity.  This was the basis 
of previous thesis work conducted by Kraig Sheetz (Ref. 
17).  From this principle, a line source was chosen as a 
good candidate for experimentation. 
 
A second desirable feature is that the source should 
be mobile.  It must be able to maneuver around barriers and 
obstacles or even roll over a small object.  This led to 
the concept of a tube-shaped source similar to a rolling 
pin.  If the radius of curvature was large enough to allow 
sufficient surface area in which a sufficient force could 
be applied, then, from elastic theory, waves could be 
generated in the soil or sediment.   
 
The availability of material enabled the tube to be 
manufactured from twenty centimeter (8-inch) diameter 
aluminum pipe with a thin wall thickness (3 mm).  The first 
shaker assembly, as described previously was mounted on a 
2.5 centimeter (1-inch) square channel of aluminum, as an 
axis, with the same push-pull orientation described by 
Sheetz (17).  The push-pull arrangement refers to how the 
magnetic slugs move in relation to one another.  The slugs 
must move the same direction when a signal was applied.  
End caps were manufactured from acrylic, with a bushing 
assembly, to allow the tube to rotate and roll.  The Aura 
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shakers used were a new version, capable of 75 watts 
continuous power, because they had the addition of heat 
sink fins (Fig. 4). 
 
The shaker assemblies were mounted on the square axle 
using light screws and nuts.  The tube axle arrangement was 
cut large enough to accommodate two sets of shaker pairs.  
The tube length was 48.3 centimeters (19 inches) with a 
small protrusion of the axle and wiring on each side.  This 
initial design did not survive the testing with the force 
sensor, due to axle problems.  The final configuration does 
not have an axle and the two shaker assemblies were 
separated.  The separated shakers required the tube to be 
cut in half.  The cylinder measures twenty-four centimeters 
(9.5 inches) in length, which is a quarter wavelength of 
the intended operating frequency. Figure 5 shows the 










The amount of force produced from the shaker push-pull 
arrangement is of significant interest.  The 
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instrumentation available to explore the amount of force 
the shakers could produce was a Piezotronics 3-axis force 
sensor.  This force sensor was used to measure the blocked 
force produced (a) by a bare shaker and (b) the tube 
assembly.  The term “blocked force” means the force is 
measured under the condition of zero motion of the driving 
point.  The sensor was approximately blocked by mounting it 
directly between the device being tested and a large steel 
plate lying on a concrete floor and held down with many 
lead bricks. 
 
a) The sensor was mounted directly between the 
shaker assembly and the steel plate, which was 
resting on a concrete floor, with small 
diameter bolts.  This configuration allowed 
for measurement of the blocked force versus 
time.  Figure 6 displays the orientation of 
the shakers, plate steel and force sensor.  
Calibration data and information for the force 
sensor are presented in Appendix C.  Figure 7 










Figure 6.   Force gauge measurement setup 
 
The force gauge is manufactured to 
support Integrated Circuit Piezoelectric 
(ICP) output signals.  The output from the 
z-axis was routed through the ICP power 
supply/amplifier to an oscilloscope.  On the 
oscilloscope the input signal and the output 







Narrow band electronic filters
Signal generator
 
Figure 7.   Block diagram of force sensor electronics 
 
The main objective for this experiment 
was to find the limitations of the shaker, 
amplifier and the signal difference between 
input and output.  Using the oscilloscope as 
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a data acquisition tool, the displayed 
signals were saved to a floppy disk in (x, 
y) format and merged into MATLAB for 
processing.  Figure 9 shows the force sensor 
output for the bare shaker assembly. 
Reading 1.5 mV 
equates to 27.7 
Newton of force 
 
Figure 8.   Force sensor reading for first positive peak 
(100hz single cycle signal at 0.28 Vpp) 
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Using the force sensor and input signal 
to the shaker assembly, it was possible to 
find the proper signal generator output 
voltage.  The most limiting equipment 
component was the power amplifier.  When the 
input signal was increased past 0.4 volts the 
amplifier components would clip the signal to 
the shakers.  Although the amplifier could 
still remain below an overload condition with 
clipping, the objective was to find a suitable 
signal generating voltage, to ensure 
measurement accuracy.  It was found that 0.28 
volts became a good standard for this testing.  
Using a 0.28 volt 100 Hz single cycle sine 
wave to drive the “bare” shaker assembly, the 
force sensor output was measured to be a 
maximum at 1.5 milliVolts.  This force sensor 
reading equates to 27.7 Newton.  Initially, 
the input filter settings were set at 100 Hz 
(low pass) and 50 Hz (high pass) to ensure the 
wave would be smooth, such that the power 
amplifier input signal would not have any 
sharp transitions.  The power amplifier also 
was equipped with filters.  These filters were 
adjusted to allow for a single cycle sine 
waveform to be smoothed for fieldwork.  Once 
the amplifier was setup there was no longer a 
need to filter the input signal.  With the 
power amplifier setup correctly the output 
force per volt of drive was 98.9 Newton/volt. 
 
b) The next step was to reassemble the tube with 
a single shaker set and perform the 
measurement again.  Figure 9 shows a sketch of 
the tube and force gauge arrangement. 
  19
Signal out
Plate steel with 
lead bricks Force sensor
Tube with end caps 
Shaker assembly 




Figure 9.   Tube Assembly and Force gauge 
 
The same setup as figure 8 was used to 
test the force response of the shaker 
assembly mounted on an axle and placed in 
the tube.  Figure 10 shows the force sensor 
response with the tube fully assembled and 




Signal from shaker 
tube assembly 
 
Figure 10.   Force measurements with tube and bare shaker 
assembly 
 
The two graphs in Figure 10 are very similar.  The 
“bare” shaker and shaker tube were each driven with the 
same 100 Hz single cycle sine wave.  When the bare shaker 
and tube shaker plots are superimposed the two are nearly 
indistinguishable from one another.  The force sensor 
measurement for the tube shaker is 25.8 Newton (1.4 
milliVolts) and an output sensitivity of 92.3 Newton/Volt. 
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C. GEOPHONE AND SEISMOMETER INSTRUMENT 
 
A geophone consists of a metal case with two coils, 
one wound clockwise and the other wound counterclockwise, 
and a suspended magnet attached by a spring on both ends 
(Figure 11).  In general, when the geophone is placed on a 
surface and the surface moves, the case (coil windings) 
moves as well.  Since the permanent magnet is suspended by 
springs, the magnet remains stationary as the case moves.  
The magnetic field lines are cut by the coils and an 
electromotive force (emf) is produced.  The emf output is 
proportional to the coil’s movement and can be read off of 
the terminals as a voltage.  The geophones used during this 
experiment are Model SM-11 made in the Netherlands and sold 
by Input Output Inc. of Houston Texas.  A picture of the 
SM-11 geophones mounted on three axes, assembled by Jay 
Adeff (NPS), is shown in Figure 12.  When the geophones are 
mounted in a 3 axis configuration, the assembly is a 
seismometer. 




























Figure 12.   SM-11 geophones mounted on three axes  
 
The particulars of the geophone itself are very 
interesting and will only be briefly discussed.  As with 
any electromechanical device, there are limitations to its 
response.  There are two things to consider with respect to 
the geophone.  First is its sensitivity.  The instrument 
can be too sensitive and cause large readings from a small 
noise source, which could mask the signal of interest (too 
much noise).  The second item of concern is damping.  Once 
the coil is placed in motion, there is a restoring force 
from internal balance springs and from emf in the coil 
assembly.  These work together to dampen the output signal.  
The amount damping depends mostly on the springs. 
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For use in this device the geophone needs a correctly 
damped linear response.  The Input-Output SM-11 geophone 
was utilized for this purpose.  The SM-11 has very good 
linear response to small-scale movements.  It also has a 
“built in” high pass filter which reduces noise from waves 
crashing on the beach, making noise below 30 Hz.  
Specifications for the SM-11 geophone are found in Appendix 
A. 
 
D. LABORATORY TANK TEST 
 
At NPS there is a small circular tank with an 
approximate diameter of 4 meters and is about 1 meter deep.  
The tank is filled with medium grade sand, which is 
representative of a beach.  In general, the tank is not 
large enough to perform actual experiments.  It is mainly 
used for equipment checkout prior to field-testing.  The 
main check out experiment performed was with the tube 
reassembled with one shaker set.  The tube was placed off 
the axis of the circular tank and three signals were 
recorded.  The recording device was a 3-axis seismometer 
directly connected to an oscilloscope.  The seismometer was 
placed about one meter from the perpendicular axis of the 
tube.  This is shown in Figure 13 below.  This orientation 
was to minimize reflection of the waves.  The electronic 
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As for previous tests, a 100 Hz single sine wave was 
applied as an input to the rolling line source.  The 
filtered signal was sent to the tube through an 800 watt 
amplifier.  The amplified signal caused the shakers to move 
and this movement provided the seismic impulse into the 
medium.  The impulse traveled through the sand.  The 
seismometer measured the movement of the sand caused by 
this wave, including reflections off the tank’s floor, and 
its walls.  For this test the vertical movement is of most 
importance.  The vertical movement, as the wave passes, 
should ideally mimic the output of force sensor in its 
shape. 
 
Figure 15.   Seismometer vertical response in tank 1 
meter from source with an input signal of a 
single sine wave at 100 Hz 
 
Even though the signal shape in Figure 15 did not 
match the force sensor, the features of the received signal 
seemed to be acceptable.  The time record showed some 
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promise, so this assembly was considered ready for field-
testing.  During the initial field test the seismometer 
output signal proved unreadable.  The root cause stemmed 
from mounting the bare shaker assembly to an axle, which 
vibrated.  The axle was removed and the bare shakers were 
mounted directly to the tube inner wall using thin bolts.  
The previous force sensor measurement was then performed 
with good results.  Figure 16 shows the smooth wave 
generated from the force sensor experiment for a one cycle 
sine wave input at 100 Hz.   
 
Figure 16.   Force sensor with Shaker mounted to the tube 
for a single cycle 100 Hz sine wave 
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III. FIELD TESTING 
Field testing of the rolling seismic source was 
conducted on a stretch of the Navy beach on Monterey Bay, 
across from NPS.  An instrument trailer had been previously 
configured to house research equipment, and placed directly 
on the beach, by means of a small four wheel drive vehicle.  
Various electrical cables were run to signal receiving 
units, and were routed to a single four-channel 
oscilloscope.  Using a function generator, a single sine 
wave was fed to several sources via an amplifier.  The 100 
Hz sine wave was a single cycle at 0.28 Vpp with a 
repetition period of approximately one second.  The 
amplifier was a two-channel 800-Watt car audio amplifier.  
Only one channel was utilized.  The amplifier output was 
48.8 Vpp and the measured current was 22 amps.  This 
equates to approximately 380 Watts RMS, assuming a 
resistive load.  The amplifier has a rating of 400 Watts 
per channel.  The shakers could be driven with more power 
but signal clipping within the amplifier would have created 
an unwanted waveform.  The electronic equipment 
configuration (Figure 17) allowed for the testing of five 
sources by only changing the sources. 
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Figure 17.   Field testing electronics setup 
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A. FIVE SOURCES USED IN COMPARATIVE TESTING 
 
Five separate seismic sources were tested (Figure 19).  
Each source was driven with the same input signal.  Source 
one was a paddle type described in section II Figure 3, 
from Sheetz’s thesis [Ref. 17].  This paddle type source 
was buried in the sand in a horizontal position.  Source 
two was the same paddle source but laying horizontally on 
the surface.  Source three was a single shaker, removed 
from its casing, and heat sink, and buried.  Source four 
was the rolling line source shaker.  And source five was 
the paddle shaker assembly buried vertically.  The receiver 
used for this experiment was a highly sensitive three-axis, 
rocket shaped, seismometer with a 40 dB internal 
preamplifier, buried just beneath the surface, 12.2 meters 
(40 feet) away (Figure 20). The general arrangement of the 
experiment is shown is Figure 18. 
Seismometer 
buried beneath 














Figure 18.   Five source beach deployment 
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Figure 19.   Photo of the Five Sources 
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Figure 20.   Photo of buried seismometer at 12.2 m (40ft) 
 
B. SIGNAL COMPONENTS MEASURED AT 12.2 M (40 FT) RANGE 
 
Using the described configuration, both the vertical 
(z component) and radial (x component) were recorded.  
These signals show very similar characteristics in each 
time record.  The two sources of greatest interest are the 
buried paddle source and the rolling line source.  These 
two sources show received signals, which are similar both 
in amplitude and shape.  Figure 21 displays both radial and 
vertical time series data, for all five sources. 
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Figure 21.   Radial and vertical time series data for all 
five sources 
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 From Figure 21, it can be seen that the rolling line 
source and the buried paddle source produce very similar 
signals at the field point.  All the signals can easily be 
picked out of the noise.  The rolling line source seems to 
contain higher frequency components.  Figure 22 shows the 
vertical component signals received from the rolling line 
and buried paddle source, plotted together against time.  
Figure 23 shows the radial component signals received from 








Figure 22.   Vertical component received signal from the 
rolling line and buried paddle source at a range 







Figure 23.   Radial component received signals from the 
rolling line and buried paddle source at a range 
of 12.2 m (40ft) 
 
These plots show that the output of the tube and the 
buried source are very similar and the waves generated are 
similar to each other.  Again, the rolling line source 
seems to contain higher frequency components.  In addition, 







C. SIGNAL CORRELATION DOWN RANGE 
 
A signal correlation analysis was performed to 
determine at what range the signal can still be extracted.  
For this experiment, one of two identical surface 
seismometers were placed at 1 m (3ft) from the tube sources 
and the second was placed down range at 43.6 m (143ft) 
(Figure 24).  Two tube sources were placed end to end with 
a separation of a few centimeters.  Each tube was driven 
with the same signal, as described previously, via a T-
connection.  Using a Dynamic Signal Analyzer in cross 
correlation mode, the vertical signal down range was 
successfully correlated (Figure 25).  For this experiment, 
the down range seismometer required a preamplifier set at a 
gain of 10X.  The signal analyzer, when placed in cross 
correlation mode, shows a peak at the correct time 
difference between channel 1 and channel 2.  The 
seismometers were placed at different distances, and the 










Figure 24.   Beach setup for cross correlation 












Figure 25.   Correlation measurement of vertical down 
range signal at 43.6 m (143ft) 
 
D. WAVE SPEED  
 
To determine wave speed, the time delay from cross 
correlation was used, along with a physical, “on the 
ground” measurement of distance.  To verify that this 
method was satisfactory, time trace signals were also used 
to find an initial time delay and then were compared to 
correlation data.  To calculate wave speed, the measurement 
of distance between seismometers and signal arrival time 
difference was used.  Figure 26 shows time traces 43.6 
meters (143ft).  The matching peaks from each seismometer 
had a time delay of 0.52148 seconds.  Table 1 shows all 












Figure 26.   Time record of two seismometers separated by 
43.6 m (143ft) 
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Method Distance Correlation Time Speed 
Cross Cor 44.21 m 0.52148 s 84.8 m/s 
Cross Cor 44.21 m 0.52148 s 84.8 m/s 
Cross Cor 44.21 m 0.52148 s 84.8 m/s 
Cross Cor 44.21 m 0.52148 s 84.8 m/s 
Cross Cor 28.42 m 0.34375 s 82.7 m/s 
Cross Cor 23.68 m 0.28125 s 84.2 m/s 
Cross Cor 15.79 m 0.19531 s 80.8 m/s 
Cross Cor 15.79 m 0.19141 s 82.5 m/s 
Cross Cor 15.79 m 0.19531 s 80.8 m/s 
 
Table 1.   Seismic Interface wave speed on Monterey 
Beach 
 
From Table 1 the mean (group velocity) wave speed is 
83.2 m/s with a standard deviation of 1.9 m/s.  This value 
matches previous thesis work of 80 m/s ± 10 m/s [Refs. 
14,17]. 
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IV. TARGET ECHO-LOCATION EXPERIMENT 
In order for the rolling line source to be useful in 
an application it must be able to receive backscatter from 
a target.  Previous thesis work by Sheetz [Ref. 17] and by 
Fitzpatrick [Ref. 15], and by Hall [Ref. 16], showed that a 
Rayleigh wave could be used to find buried objects.  To 
keep the experiment simple, a target was placed 
perpendicular to a pair of tube sources.  The sources were 
pulsed with a single wave generator to ensure that they 
were driven identically.  The surface sources and receiving 
array were arranged such that six seismometers of the 
receiving array were 40 cm (0.48 λ) apart on a perpendicular 
line from the radial, and the source was place directly 
behind the array (Figure 27).  The receiving array sensor 
outputs were wired in series to ensure the voltage 
potential would be summed.  The array output was routed to 
a dual channel Digital Signal Analyzer.  The analyzer was 
selected to correlation mode and placed in dual channel 
configuration.  An external trigger was run from the signal 
generator.  The array’s radial and vertical seismometer 
components were placed on separate channels.  Figure 28 is 














Amplifier (2 channel 800 watts)
Function generator 
.028 Vpp, 100 Hz, repetition period 1 sec, single sine 
wave 
Figure 28.   Electronic setup for Target Echo-Location 
Six-seismometer array wired in series 
Dynamic Signal Analyzer 
With two channel 
Setup for auto correlation on both 
channels. 
Channel 1 Radial 
Channel 2 Vertical 
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A. 1000 LB. BOMB TARGET 
 
A general-purpose, 1000-lb bomb, used in many 
countries all over the world was used as a test target.  
The bomb measures two meters in length and has a radius of 
seventeen centimeters at its largest point.  This air 
dropped bomb has a traditional streamline shape and is made 
of steel.  An inert version of this bomb was buried just 
below the surface as depicted in Figure 29.  
 
 
Figure 29.   Inert 1000 lb. bomb being buried in the sand 
of the Navy beach on Monterey Bay 
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The bomb was placed 5.79 meters (19ft) from the array, 
as depicted in Figure 30. 
 
1,000 bomb at a 
























Figure 30.   1,000 lb. bomb experiment with rolling line 
sources 
 
The dynamic signal analyzer auto-correlated the radial 
and vertical signals.  The return is observed as a 
secondary wave packet.  The wave packet should be time 
displaced by 150 milliseconds.  Figure 31 is the analyzer 
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data screen for auto correlation with bomb present.  The 
strongest correlation of the echo-return from the target 
was found at approximately 150 ms, corresponding to a wave 
speed of 83 m/s.  Figure 32 is a graph of auto correlation 
without target bomb present.  The lack of a response at 
about 150 ms in the trace with no bomb present confirms the 
return is from the target. 






at 150 ms 
Time, sec
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 Figure 32.   Radial Auto Correlation record without bomb 








The above results were obtained without any external 
(laboratory) program or receiver amplifiers.  The time 
signal shows this same result (Figure 33).  Had time 
permitted and had we utilized vector polarization 
filtering, as did Smith, et.al. [Ref. 10], Fitzpatrick 
[Ref. 15], Hall [Ref. 16], Sheetz [Ref. 17], Guy [Ref. 18], 
the target return depicted in Figure 31 would have been 
some 20 dB (factor of 10) higher.  Had time permitted and 
had we combined vector polarization with the type of 
correlation processing used here, the echo to reverberation 








Figure 33.   Radial time signal for 1,000 lb. bomb, 
together with a time trace with no target 
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These time and auto correlation traces prove that the 
rolling line source is a viable military option for seismic 
mine hunting sonar.  For smaller targets, the techniques of 
additional amplification, averaging, coherent subtraction, 
vector polarization filtering and perhaps other signal 
processing techniques, as well as more powerful sources, 




V. CONCLUSION AND RECOMMENDATIONS 
 
The purpose of this thesis was to develop a surface 
source for a seismic sonar.  A very crude rolling line 
source was successfully designed and tested.  A rolling 
source, which can be attached to a robotic vehicle or 
“pushed” by a soldier, sailor or Marine or even attached to 
a Humvee, is the next step in the development of a mobile 
seismic sonar system.  Previous work on the buried mine 
problem has developed signal processing programs and other 
sources.  This thesis focused only on the source itself, 
although the correlation processing used shows promise. 
 
The surface rolling source and seismometer array 
configuration are likely to be quite useful for future 
developments.  A surface rolling source showed signal 
strengths comparable to previous work with buried sources.  
The mobility aspect of the work presented in this thesis is 
significant for future research and development.  The 
series configuration for the seismometers, adding voltages, 
was suitable for exploration experiments, but current, 
rather than voltage, amplifiers would be advantageous, so 
parallel seismometer configurations can be used.  Two such 
units have been procured for use on this research project 
at NPS. 
 
The last iteration of the rolling line source in this 
thesis, the shakers that were mounted directly to the 
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interior of the tube wall, is ideal.  The sources mounted 
inside the rim of the rolling stock are perfectly situated 
for maximum coupling of vibratory energy to the sediment or 
soil, as this energy does not have to pass through a lossy 
contraption such as an axle, that will have its own 
resonant frequencies, different from the ones desired for 
the job at hand! 
 
Further work on the mechanics of the rolling tube, 
seismic source could take advantage of 1) new, well 
engineered, vibratory sources that have recently appeared 
on the market, that are ten times more powerful than those 
used in this thesis.  Ten of these units have been ordered 
and delivered to NPS for use on this project, 2) re-
designing the vibratory source layout within the tube(s) 
for “balanced” rotary motion, making them “pushable” or 
“towable” at high speeds of advance, 3) incorporating the 
multiple sources within the “balanced” tube design so that 
seismic sonar “pinging” can be done more frequently than 
once every complete circumferential rotation, thereby 
increasing the rate of interrogation of the sediment or 
soil, for the presence of buried ordnance, and finally 4) 
the incorporation of a “handing yoke” with ball bearings to 
easily enable the operators to move this device, wherever 
it needs to go. 
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The next steps in this evolutionary chain are 
improvements in the following areas: 1) a deployable, 
rolling, seismometer array needs to be developed.  Some 
work was started on this subject, to the degree of making 
small sleds and separators, but it was not fully realized.  
Finally, 2) miniaturize the electronic components to either 
put the system on a robot, or make it easier to “man 
handle” by sailors, Marines, and soldiers. 
 
It should be mentioned that, some preliminary testing 
was performed in conjunction with a robotic course taught 
at the Naval Postgraduate School, which illustrated the 
ability for a small Lemmings robot to tow the tube over the 
terrain of the NPS quadrangle. 
 
This rolling tube seismic sonar for buried mine 
ordinance detection, has a great future for military and 
naval systems.  It can detect subsurface objects, on the 
go, at ranges measured in tens of meters, thus rendering 
systems such as ground penetrating radar completely 
obsolete.  It can also be designed to work underwater, 
thereby covering the very shallow water encountered on the 
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APPENDIX C. FORCE SENSOR DOCUMENTATION 
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APPENDIX D. PROFESSOR JAMES SABATIER MINE HUNTING 
METHOD 
Professor Sabatier, of the University of Mississippi, 
has a method of finding buried mines, as follows:  He uses 
a loudspeaker in air to irradiate the sediment or soil.  If 
they are dry, there is no critical angle, and the sound 
directly enters the ground.  This is called the “soda straw 
effect.”  Once in the ground, it penetrates straight down.  
If a mine is present, the top of the mine reflects the 
sound upwards, to the soil or sediment surface, and bounces 
back and forth, between the mine and the surface.  He 
detects the vibrating surface of the soil or sediment with 
a scanning laser Doppler vibrometer, and plots out a pixie 
cell map, that shows the “hot spots,” where the mines are, 
in an x-y format.  See sketch below. 
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